Abstract-A fluidic-based sensor is proposed and demonstrated for high-pressure measurement. The sensor consists of a reservoir and a capillary outlet. The reservoir deforms under pressure manifesting the liquid level change in the capillary. Utilizing the built-in waveguide on the capillary, the liquid level is measured by microwave Fabry-Perot interferometry in the spectral domain. The applied pressure variation is monitored by the spectrum shift of the microwave interferogram. The pressure response of the sensor is tested up to 2000 psi, with a resolution of 2.5 psi, and repeatability within ±20 psi. Benefiting from rigidity in material and flexibility in dimension of the sensor structure, the sensor has good robustness and adjustable sensitivity and range for applications in high-pressure environments.
I. INTRODUCTION
A CCURATE pressure measurement has attracted a lot of interests in many industrial applications, such as down-hole sensing in petroleum industry, power plants and underwater exploration. For example, pressure information of the underground oil reservoir has been used to determine the amount of oil reserve and to optimize the oil extraction process [1] , [2] . Due to the requirements of long-term measurements and in situ monitoring, the pressure sensor is desired to have high mechanical robustness, long-term stability, resistance to corrosive environment, etc. In addition, these sensors are preferred to have multiplexing capability, i.e., multiple sensors can be installed onto a single structure for easy installation and reduced cost.
Fiber-optic sensors have been studied for measuring physical and chemical parameters in the past several decades [3] . Compared with the electric sensors, fiber-optic sensors have many advantages, such as small size, light weight, electromagnetic interference (EMI) immunity, corrosion resistance, remote operation capability, high resolution, passive operation, and multiplexing/distributed sensing capability [4] . Fiber-optic pressure sensors based on various mechanisms have been reported and demonstrated in recent years, including microbending sensors [5] , photo-elastics sensors [6] , and fiber Bragg grating (FBG) [7] , [8] .
Fiber-optic extrinsic Fabry-Perot interferometer (EFPI) [9] is commonly utilized to construct high-pressure sensors, because of its high spatial resolution and immunity to the polarization fading. Diaphragm-based EFPI pressure sensors [10] exhibit high resolution, large measuring range, and small temperature-dependence. A lot of research has been done to improve their sensitivity, survivability and long-term stability. EFPI pressure sensors based on hoop and radical stress [11] have also used in quasi-distributed pressure mapping system.
However, fiber-optic sensors in general are fragile and easy to break, especially in applications involving heavy machineries. Developing pressure sensors with higher mechanical robustness is of great interest in current and future applications. In addition, the dynamic range and sensitivity of the fiber-optic sensor is usually fixed due to the limited choice of optical fibers commercially available in the market. The sensor with adjustable sensitivity has merits on the application where the sensitivity and measurement range need to be balanced and adjusted.
From the view of electromagnetics, microwave waveguides share the same fundamental theory with optical waveguides, where the electromagnetic wave is guided to propagate through the structure. Many well-known fiber optic sensing techniques can be applied on microwave bandwidth, such as Bragg gratings [12] and Fabry-Perot interferometer [13] . Unlike optics, the phase information of a microwave signal can be easily obtained by commercial instruments. Thus, microwave sensors can be multiplexed for distributed sensing [14] . In addition, microwave waveguide can be designed and implemented in difference shapes and structures such as micro-strip, strip-line, coaxial cable, coplanar waveguide, with different materials that are harsh environment tolerant [15] . As such, microwave sensors may provide a good solution for many applications, especially for those involving heavy duty, large strain, high pressure and other harsh conditions.
Liquid is another approach for pressure sensing. Beneficial from the fluidity of liquid, the mechanical deformation could be transformed and accumulated through liquid, providing a viable candidate for accurate pressure measurement. Liquid metal has been studied to implement pressure transducer [16] , [17] and pressure sensitive device [18] , based on 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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In this paper, we combine microwave Fabry-Perot interferometer and fluidic sensing mechanism, report a fluidicbased high-pressure sensor with high mechanical robustness and adjustable sensitivity and range. The sensor principle is described in details and a sensor is fabricated and tested experimentally.
II. SENSOR PRINCIPLE

A. Sensor Structure
The schematic of the proposed sensor structure is illustrated in Figure 1 (a), consisting of a reservoir and a capillary outlet. The sensor operates in such a way similar to a liquid-in-glass thermometer. The reservoir deforms under the applied pressure and pumps the liquid into the capillary outlet. As a result, the liquid level in the capillary rises, as shown in Figure 1(b) . Thus, the applied pressure is manifested onto the length of the liquid column in the capillary.
Here we assume a cylindrical tube is used to construct the reservoir which has the advantage of sustaining a high pressure. If the outer diameter (OD) and wall-thickness of the cylinder are D and t, respectively, the relative volume change ( V r /V r ) of the reservoir under pressure ( p) is given by [19] 
where V r and V r refer to the volume change and initial volume of the reservoir, respectively; p denotes the applied pressure; E and v are the Young's modulus and Poisson's ratio of the reservoir material. Since the reservoir is full of the filling liquid, the volume of the reservoir (V r ) is equal to the volume of the liquid (V l ) in the reservoir. From Eq. (1), the pressure sensitivity (α P ) of relative volume change is proportional to the ratio of the outer diameter over wall-thickness (D/t) and inverse proportional to the Young's modulus (E). There is a tradeoff between the sensitivity and the dynamic range. A high value α P (large outer diameter and thin wall thickness) could reduce the maximum tolerable pressure of the reservoir. Therefore, in practice, dimensions and material may be considered to achieve a balance between the sensitivity and dynamic range. Under the applied pressure, the liquid is forced into the capillary to raise the liquid level. Since the liquid volume in the sensor is the same before and after pressure, the length change of the liquid column ( l) in the capillary can be expressed by
where S c denotes the inner cross-sectional area of the capillary, as show in the inset of Figure 1 (a). Combining Eq. (1) and Eq. (2), the length change of the liquid column (l) as a function of the applied pressure ( p) is given by
Eq. (3) indicates that the length change of liquid column ( l) in response to the applied pressure ( p) is a product of α P and the ratio (V r /S c ). A larger reservoir volume and a smaller capillary could substantially raise higher liquid column. Therefore, the proper choice of the dimensions of the reservoir and the capillary plays a vital role on the pressure sensitivity of designed sensor.
B. Minimization of Temperature Cross-Talk
Since the sensor structure is very similar to a liquid-in-glass thermometer, the liquid volume in the reservoir is a function of the ambient temperature. Most of liquids have a large coefficient of thermal expansion (CTE). As a result, the temperature sensitivity of the sensor might be several orders of magnitude larger than the pressure sensitivity, the pressure response will be overwhelmed by the temperature response. In order to precisely measure the pressure response, the temperature crosstalk of the sensor needs to be suppressed.
The temperature-induced relative volume change of the liquid ( V l /V l ) is determined by the product of its CTE (α T ) and the temperature change ( T ). In Eq. (1), the relative volume change of the reservoir ( V r /V r ) is the product of sensitivity (α P ) and applied pressure (p). Let's define the temperature cross-sensitivity as the ratio of V l , induced by 1°C over V r induced by 1 psi.
Eq. (4) shows that the temperature cross-sensitivity is proportional to both the sensitivity ratio (α T /α P ), and the volume ratio (V l /V r ).
It is important to note that V l is not necessarily equal to V r . The former is the liquid volume inside the reservoir, while the latter is the total volume of the reservoir which is determined by the dimensions of the reservoir not that of the filling liquid. As such, the temperature cross-sensitivity can be suppressed by reducing the liquid volume (V l ) while maintaining the dimension of the reservoir, such as by filling low-thermal expansion material into the reservoir, illustrated in Figure 1(c) . In this way, the liquid only partially fills the reservoir and V l is much smaller than V r .
C. Measurement of the Length Change in Liquid Column
The liquid column is in situ monitored through microwave interrogation, as shown in Figure 2 . Two pieces of metal foils were deposited the outer surfaces of the capillary outlet with square cross section. In this arrangement, the liquid inside the capillary is sandwiched by the two parallel metal foils. The metal-coated capillary can be treated as a micro-strip waveguide, where electromagnetic waves propagate between the two parallel metal foils.
When a microwave signal is launched into the capillary waveguide at one end, the electromagnetic wave travels between the two conductors, and reflects back at three points, denoted by 1 , 2 and 3 . The first reflection 1 is generated at the connecting point between the capillary waveguide and the interrogator due to the impedance mismatch. The second reflection 2 is generated at the air/liquid interface as a result of the difference in their dielectric constants. The third reflection 3 is generated at the end of the micro-strip caused by the open circuit. Among these three reflections, 2 is relatively small and 1 and 3 are large because they are circuitry discontinuities. To improve the signal to noise ratio, we use 1 and 3 to construct a microwave Fabry-Perot interferometer to measure the liquid level change inside the capillary.
Since the electromagnetic wave travels slower in the liquid than in air, the electrical length (or phase delay) between 1 and 3 is a function of the liquid column length. Suppose the length of the capillary filled with air and the liquid are l 1 and l 2 , respectively as shown in Figure 2 . The electrical length between 1 and 3 is expressed as
where ε ef f 1 and ε ef f 2 are the effective dielectric constants of the micro-strip waveguide filled with air and liquid, respectively; L is the total electrical length between 1 and 3 . When the length of the liquid column increases by l, the air length reduced by the same amount of l, denoted by the light blue column in Figure. 2. The electrical length becomes
where l is the increment of liquid column. Because of the difference dielectric constants in air and the liquid, the electrical length change between 1 and 3 is expressed as
where L is the resultant change of the electrical length between 1 and 3 . After isolating 1 and 3 from the other reflected pulses in the time domain, the two pulses would be superposed to construct a Febry-Perot interferogram in the spectral domain [14] , [20] . The relative frequency shift f / f at the resonance frequencies in the interferogram is related to the relative electrical length change by [13] 
where L is the total electrical length between 1 and 3 . Eq. (8) indicates that the interference fringe valleys would shift to lower frequency as the length of the liquid column increases resulted from the increased pressure. Hence, the applied pressure variation could be measured by monitoring the spectrum shift of the interferogram.
III. EXPERIMENTS, RESULTS AND DISCUSSION
To demonstrate the sensor concept, we fabricated a pressure sensor and constructed the test setup, as shown in Figure 3 . The sensing reservoir and the capillary were selected from commercially available off-the-shelf products. A stainless steel (SS) cylindrical tube (SS-T6-S-049, Swagelok, US) was chosen, with an outer diameter (OD) of 3/8", a wall thickness of 0.049", a length of 450 mm, to construct the reservoir. The Young's modulus (E) and Poisson's ratio (v) of SS are 200 GPa and 0.3, respectively. The SS tube was sealed by a cap (SS-600-C, Swagelok, US) at one end, as shown in Figure 3(a) . On the other side of the tube, a through-hole fitting union (SS-600-6-2, Swagelok, US) was used to allow a borosilicate glass capillary (BST-1-15, Friedrich & Dimmock, US) to access the reservoir. The glass capillary had a square inner cross section with a 1 mm 2 cross-sectional area and the wall thickness was 0.15 mm. The length of the capillary is around 0.1 m. The filling liquid in the reservoir was motor oil (5W-20), which has a CTE of 700 × 10 −6 K −1 . Plugging in the parameters into Eq. (1) and Eq. (3), we have
where h is the length of the reservoir. The sensitivity of the pressure induced liquid level change was found to be 4.4 μm/psi.
Since the large value of CTE of motor oil (700×10 −6 K −1 ), the temperature crosstalk can be up to 2500 psi/K, when V l = V r . To achieve lower temperature crosstalk by reducing the liquid volume (V l ), a borosilicate glass rod (8496K14, McMaster-Carr, US), with an outer diameter of 6 mm, was inserted into the reservoir, illustrated in Figure 3(a) . The borosilicate glass has a CTE of 3.3×10 −6 K −1 , which is two orders of magnitude smaller than that of the motor oil. With this approach, the temperature crosstalk was reduced to 30%, which is about 750 psi/K. The dimensions and material of the reservoir and capillary will determine the dynamic range and sensitivity of the sensor. A large diameter and thin wall thickness of the cylindrical reservoir could result in high sensitivity, but a smaller pressure rating. The sensing structure is quite flexible which gives freedom to balance the pressure sensitivity and rating. Figure 3(b) shows the test setup. A cylindrical tube (SS-T16-S-065), with an OD of 1", a thickness of 0.65", is constructed as a testing chamber to simulate high-pressure environment, whose hydraulic pressure was manually controlled by the dead weight pressure tester (1305D-100, Ashcroft, US). To allow visual inspection of the liquid level, the capillary tube was not immersed in the high-pressure test chamber. A vector network analyser (VNA, N9923a, Keysight, US), connected to the capillary waveguide through a semi-rigid coaxial cable (SR141ST, Cross RF, US), was used to acquire the reflection spectrum (S11) of the micro-strip capillary waveguide. The frequency was swept from 20 MHz to 6 GHz, with the total sampling points of 1001 and the intermediate frequency bandwidth (IFBW) of 10 kHz.
Using the signal interrogation method in [14] , we acquired the S11 spectrum as shown in Figure 4 (a). The spectrum was first complex Fourier transformed to obtain the time-domain reflection signal as shown in Figure 4(b) . The reflection coefficients of the two primary pulses ( 1 and 3 , 2 is negligible) are about 0.44 and 0.51 respectively. The other reflection pulses are caused by the multiple reflections between the two primary reflectors. After the analysis of the multiple reflections' amplitude, the attenuation of the capillary is calculated to be about 10 dB/m. The loss is mainly caused by the dielectric loss of the filling liquid and the mismatched uniformity of the homemade capillary based micro-strip line. A gate function was then applied to filter out the unwanted multiple reflections. After that, the gated signal in the time domain (Figure 4(c) ) was Fourier transformed back to the frequency domain, and reconstructed the Fabry-Perot interferogram as shown in Figure 4(d) . By tracking the resonance valley frequencies, the corresponding electrical length between the two reflectors as a result of the applied pressure could be monitored.
The hydraulic pressure was manually applied from 0 psi to 2000 psi with an increasing step of 100 psi. Figure 5 (a) inset shows the microwave interferograms near 0.5 GHz as the applied pressure changed. The interference fringe shifted towards the lower frequency as the applied pressure increases, indicating the increase of electrical length of the micro-strip waveguide and the increment of the liquid level. Figure 5(a) plots the interference valley as a function of the applied pressure and the linear regression curve of the measurement data. The interference valley shifted to lower frequency as the applied pressure increased, following a quasi-linear response with the sensitivity of 7 kHz/psi. The non-linearity is mainly caused by the shrinkage of the reservoir (V r ) when the applied pressure increases, in Eq. (3).
The resolution of the sensor may be established based on the standard deviation of the measurement results with a constant applied pressure [11] . Since the hydraulic pressure controlled by the dead weight pressure tester is not stable, the resolution is estimated at atmospheric pressure where the applied pressure is zero. During the evolution, the interference spectrum of the sensor was sampled over 15 min at a 2-second interval. The variation and the histogram are plotted in Figure5 (b) . The standard deviation of the data within this period was found to be σ = 1.25 psi. The resolution of the sensor was estimated to be 2σ = 2.5 psi, which is equivalent to 95% confidence. The repeatability of the pressure sensor was measured by repeating the pressure test at the increasing direction. Two more measurements over the range of 0 to 2000 psi were performed. The results are all plotted in Figure 6 (a). One test (measurement #1 in Figure 6 (a)) was performed in 1 hour after the reference test, and the other test (measurement #2 in Figure 6 (a)) was performed in 24 hours after the reference test. The sensor was first calibrated to derive a pressure-frequency shift relation by linear fitting the reference measurement data ( Figure 5(a) ). Then this calibration line was applied to calculating the pressures of the other two more tests based on the frequency shift obtained at each applied pressure. The deviations of these two tests with respect to the reference measurement results are plotted in Figure 6 (b). The deviations included differences at individual points as well as the baseline drifts. The individual deviations were within ±20 psi, which were mainly caused by the instability of the deadweight pressure tester and the measurement errors of the sensor. The baseline drifts were about 20 psi and 80 psi lower for the measurement #1 and #2, respectively, indicating the lower starting positions of the liquid level in the capillary. In addition, the longer the measurement interval, the lower baseline drifted. We believe that the baseline drifts were mainly caused by the following two reasons: 1) the loss of liquid because of evaporation through the opening of the capillary, and 2) the temperature variations. The evaporation issue can be mitigated by sealing the capillary after sensor construction. The temperature induced crosstalk can be reduced by selecting a less temperature sensitive liquid or further reducing the liquid volume by filling the reservoir with more temperature insensitive materials such as the glass used in the experiments.
IV. CONCLUSIONS
A fluidic-based high-pressure sensor interrogated by microwave Fabry-Perot interferometry is studied and demonstrated. The pressure-induced deformation of the reservoir pumps the liquid to raise the liquid level in the capillary outlet. Due to the contrast between large reservoir and the small capillary tube, the pressure induced small reservoir deformation can be detected with high sensitivity by measuring the length change of the liquid column. By depositing conductive metal films on the capillary tube to form a micro-strip waveguide, the length change of the liquid column inside the capillary can be measured by microwave Fabry-Perot interferometry.
A set of design guidelines were derived based on mathematical modelling of the device. The sensitivity can be adjusted by changing the ratio between the reservoir volume and the cross section of the capillary tube, selecting the reservoir materials with different Young's moduli, and the permittivity of the liquid. A sensor was constructed to verify concept and tested up to 2000 psi. The test results show that the sensor has a good linear response with a sensitivity of 7 kHz/psi. The resolution of the sensor had about 2.5 psi standard deviation at atmospheric pressure. Repeated measurements have shown that the sensor has baseline drifts due to the loss of liquid and temperature cross sensitivity. Because of the FPI structure of the sensor, it has the potential for multiplexing application. 
